Introduction: Patients with chronic kidney disease (CKD) and estimated glomerular filtration rate (eGFR) <30 ml/min per 1.73 m 2 (corresponding to CKD stage G4þ) comprise a minority of the overall CKD population but have the highest risk for adverse outcomes. Many CKD G4þ patients are older with multiple comorbidities, which may distort associations between risk factors and clinical outcomes. Methods: We undertook a meta-analysis of risk factors for kidney failure treated with kidney replacement therapy (KRT), cardiovascular disease (CVD) events, and death in participants with CKD G4þ from 28 cohorts (n ¼ 185,024) across the world who were part of the CKD Prognosis Consortium. Results: In the fully adjusted meta-analysis, risk factors associated with KRT were time-varying CVD, male sex, black race, diabetes, lower eGFR, and higher albuminuria and systolic blood pressure. Age was associated with a lower risk of KRT (adjusted hazard ratio: 0.74; 95% confidence interval: 0.69-0.80) overall, and also in the subgroup of individuals younger than 65 years. The risk factors for CVD events included male sex, history of CVD, diabetes, lower eGFR, higher albuminuria, and the onset of KRT. Systolic blood pressure showed a U-shaped association with CVD events. Risk factors for mortality were similar to those for CVD events but also included smoking. Most risk factors had qualitatively consistent associations across cohorts.
[eGFR] <60 ml/min per 1.73 m 2 ) varies substantially across the world; in the United States, between 4.8% and 11.8, 2 in China, between 1.1% and 3.8%, 3 and in Europe, between 1.0% and 5.9%. 4 Globally, the prevalence of CKD with severely decreased GFR (G4þ, eGFR <30 ml/min per 1.73 m 2 ) is much lower (<0.5%); however, associated morbidity and mortality are higher among patients with CKD G4þ, 5 and less is known about relevant risk factors.
Patients with CKD have an elevated risk of progressing to kidney failure requiring kidney replacement therapy (KRT), cardiovascular disease (CVD) events, and mortality, with higher risk at higher CKD stage. 6, 7 Traditional cardiovascular risk factors, such as older age and male sex, are associated with CVD and mortality in CKD stage G3þ. 8 In addition, lower eGFR and higher albuminuria are important risk factors for progression to KRT and all-cause and cardiovascular mortality. 7 However, risk factors for KRT, CVD events, and mortality may not be the same in a population that has already progressed to CKD G4þ. For example, some believe that high blood pressure may be less of a risk factor in CKD with severely decreased GFR. In addition, it is not known whether risk factors vary by age, which is a characteristic of particular interest, given that most patients with CKD G4þ are older than 65 years. 9 A better understanding of factors associated with different outcomes may inform treatment strategies.
Using 28 cohorts from across the world, we investigated the relative risk associations between traditional risk factors and adverse outcomes in CKD G4þ. We hypothesized that traditional risk factors would be important in CKD G4þ and that older age would not significantly modify the relationship between risk factors and outcomes.
MATERIALS AND METHODS

Study Population
This study followed a call for participation in the Kidney Disease: Improving Global Outcomes controversies conference in Barcelona (December 2016) for evaluation and management of CKD with severely decreased GFR. Study cohorts were part of the Chronic Kidney Disease Prognosis Consortium, a worldwide, collaborative network consisting of CKD cohorts with information on eGFR and albuminuria. 10, 11 The underlying selection criteria are provided in the Supplementary Material (Supplementary Appendix S1 and Supplementary Table S1 ). For this specific project, 28 cohorts were selected, with inclusion criteria consisting of at least 500 individuals older than 18 years with an eGFR #30 ml/min per 1.73 m 2 (CKD Stage G4þ) at any visit. Furthermore, the cohorts had to have follow-up for both KRT and death before and after KRT and at least 50 events of each outcome. Time at risk began at the first visit in which eGFR was observed to be <30 ml/min per 1.73 m 2 .
Study Variables
The study variables are listed in Table 1 . eGFR was estimated by the Chronic Kidney Disease Epidemiology Collaboration equation using age, sex, race, and serum creatinine standardized according to isotope dilution mass spectrometry traceable methods. 12 For cohorts in which serum creatinine was not standardized, we reduced the serum creatinine by 5%. 13 Albuminuria was recorded as the urinary albumin/creatinine ratio (ACR) or protein/creatinine ratio and converted to ACR as done previously.
14 If these measurements were not available, we used dipstick proteinuria information. Diabetes mellitus was defined as the use of glucoselowering drugs, a fasting glucose $7.0 mmol/l or nonfasting glucose $11.1 mmol/l, hemoglobin A1c $6.5%, or self-reported diabetes. Smoking status was recoded as current smoking versus not smoking. History of CVD was defined as a previous diagnosis of myocardial infarction, percutaneous coronary intervention, bypass grafting, heart failure, or stroke.
There were 3 major outcomes: kidney failure treated with KRT, CVD event, and death. We also studied recurrent hospitalization events as a secondary outcome. The KRT outcome was defined as start of KRT and either actively ascertained or ascertained through linkages to registries or International Classification of Diseases codes (Supplementary Appendix S1). As for the CVD event, we accepted both fatal and nonfatal coronary heart disease, stroke, and heart failure events occurring after enrollment in our cohort (Supplementary Appendix S1). If fatal events were lacking, we did include nonfatal events. Note that any CVD event could occur also in individuals with a history of CVD at baseline, but only the first event after enrollment was quantified. Death was treated as a censoring event for both KRT and CVD.
Statistical Analysis
Because the focus of our analysis was the risk relationship rather than the absolute risk of events, we used Cox proportional hazards regression instead of competing risk models. For the purpose of analyses, age was expressed per 10 years older, and eGFR per 5 ml/ min per 1.73 m 2 lower. Albuminuria from the heterogeneous sources was referred to as urine ACR and logtransformed and scaled such that the coefficients reflect a twofold increase in ACR. Systolic blood pressure was modeled as a linear spline with a knot at 140 mm Hg, based on review of the literature and exploratory data analysis in in-house cohorts, and expressed per 20 mm Hg higher value. Race, sex, diabetes, smoking, and history of CVD were dichotomized. In addition to serving as an outcome in some of the analyses, KRT and CVD also were modeled as time-varying variables during follow-up for analyses of the CVD and KRT, respectively, as well as for mortality for both. For analyses of hospitalizations, recurrent events were counted during follow-up. We started by analyzing the risk relationships in each cohort individually by timevarying Cox proportional hazards models. For analyses of KRT and CVD as outcomes, death was treated as a censoring event. For hospitalization, we used negative binomial regression. Multiple imputation was used for any missing data except for demographic variables (age, sex, race), eGFR, and outcomes. Meta-analyses were conducted separately for studies with information on all 3 outcomes and those with information on only KRT and death. Adjusted risk ratios were pooled through meta-analysis using the random effects model. 15 The random effects meta-analysis assumes that the observed estimates may vary across cohorts because of a real difference in effect of the variables in each study, but also because of chance. This type of analysis uses a more conservative approach, downplays larger studies, and produces confidence intervals that are generally larger than the corresponding fixed effects. Between-study heterogeneity was quantified by the I 2 statistic, but also assessed through visual inspection of the individual coefficients and their corresponding 95% intervals. 16, 17 All analyses were re-run stratified by age younger than or older than 65 years. Metaregressions were performed to explain any underlying heterogeneity of the risk factors, with investigated explanatory variables, including region, cohort type, average cohort eGFR, average cohort ACR, proportion missing ACR, average cohort age, median follow-up time, average systolic blood pressure, and proportion of the cohort that were men, had diabetes, a history of CVD, and were current smokers. All analyses were done in Stata 14 MP (StataCorp, College Station, TX).
RESULTS
Study Characteristics
There were 28 cohorts included in this study, with 185,024 participants with eGFR <30 ml/min per 1.73 m 2 from 30 different countries. There were 19 cohorts that had information on all 3 of the outcomes of interest (KRT, CVD events, and death), and 9 cohorts that had information only on KRT and death. The characteristics of all 28 cohorts are presented in Table 1 . Overall, average age was 70 years (SD 13), 69% were men, 11% were black, 5.4% were Asian, 46% had diabetes, and 50% had a history of CVD. The mean eGFR was 24 ml/min per 1.73 m 2 (SD 6) and median urine ACR was 48 mg/g (interquartile range, ACR, albumin to creatinine ratio; CI, confidence interval; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HR, hazard ratio; KRT, kidney failure treated with kidney replacement therapy; SBP, systolic blood pressure. All values are expressed as pooled HRs with 95% CIs. The HR for age is expressed for every 10-year increase in age at baseline, the HR for ACR is expressed per twofold increase in mg/g, the HR for eGFR is expressed for every 5 ml/min per 1.73 m 2 decrease, the HR for SBP is expressed as per 20 mm Hg increase in blood pressure above and below 140 mm Hg. The 3 cohorts that did not include persons with and without diabetes mellitus did not contribute to the meta-analyzed hazard ratio for diabetes mellitus. Bold values indicate statistical significance. 
CLINICAL RESEARCH
Kidney International Reports (2018) 3, 625-637risk of KRT in all the participating 19 cohorts, although the point estimate varied to some degree (Figure 2a) . The relationship between the presence of diabetes and KRT (excluding 3 cohorts that did not include persons with and without diabetes mellitus) was slightly weaker (HR: 1.30; 95% CI: 1.14-1.47), with diabetes observed as an independent, statistically significant risk factor in only 8 of 16 cohorts (Supplementary Figure S1a) . In metaregression analyses, the heterogeneity in the association between diabetes and KRT was mainly explained by differences in cohorts with respect to urine ACR, with a stronger effect size in cohorts with less albuminuria testing and lower ACR levels, as well as to a lesser extent by differences in age, systolic blood pressure, and history of CVD between the different cohorts (Supplementary Figure S2) . In sensitivity analysis, we compared risk coefficients from the meta-analysis when the analyses were extended to the full 28 cohorts with information on KRT and death; results were similar (Supplementary Table S3 , column 2 vs. Table 2 , column 2).
Risk Factors for CVD Events After eGFR 30 ml/min per 1.73 m 2 The unadjusted incidence rate of a CVD event was highly variable between the cohorts, both before and after KRT. In total, there were 44,401 (28.6%) CVD events that occurred among 155,014 people. In the fully adjusted model, the onset of KRT was among the most important risk factors for a subsequent CVD event (HR: 1.39; 95% CI: 1.15-1.68) ( Table 2 , column 3). Other important risk factors for a CVD event included a history of CVD and the presence of diabetes, as well as older age, male sex, higher ACR, and lower eGFR. Systolic blood pressure showed a U-shaped association with CVD event risk. Each 20 mm Hg higher blood pressure above 140 mm Hg was associated with a 9% higher risk of CVD events, whereas a systolic blood pressure of 140 mm Hg relative to 120 mm Hg was associated with an 11% lower risk of a CVD event. The association between age and CVD was consistent in direction across all cohorts but one (Figure 1b) . Associations between sex and CVD events were also relatively similar across cohorts (Figure 2b) , and meta-regression analyses did not identify any cohort-level factors that explained underlying heterogeneity (Supplementary Figure S3) . The presence of diabetes was a strong risk factor for CVD in all cohorts but one (Supplementary Figure S1b) . with all outcomes present, the development of a CVD event and the onset of KRT were both exceedingly strong risk factors for subsequent death ( Table 2 , column 4). Other risk factors for mortality included lower eGFR and higher urine ACR, as well as older age, male sex, history of previous CVD, and the presence of diabetes. Similar to its association with CVD events, systolic blood pressure was associated with death in a nonlinear fashion with lower blood pressure below 140 mm Hg being associated with death, and no association for higher blood pressure with death above 140 mm Hg. Smoking was significantly associated with death (HR: 1.37; 95% CI: 1.25-1.50). The association between age and mortality was qualitatively similar across cohorts (Figure 1c) . The associations of male sex and diabetes with mortality were weaker and not always consistent in direction across cohorts and showed more heterogeneity between the different cohorts ( Figure 2c and Supplementary Figure S1c) . Meta-regression of the association between male sex and mortality as well as diabetes and mortality did not show any particular cohort-level factor that explained the variation (Supplementary Figures S4 and S5) . The relationship between the risk factors and mortality remained similar in the analysis with all 28 cohorts included (Supplementary Table S3 , column 3 vs. Table 2 , column 4).
Risk Factors for Mortality
Risk Factors for Hospitalization
Out of the 8 cohorts with information on hospitalization rates, the unadjusted incidence of recurrent hospitalization ranged from 12 to 1524 per 1000 person-years preonset of kidney failure treated with KRT, and 26 to 2293 hospitalizations per 1000 person-years after KRT (Supplementary Table S4 ). In all cohorts, hospitalization rates were higher after KRT was initiated. Risk factors for recurrent hospitalizations included history of CVD, lower systolic blood pressure below 140 mm Hg and higher systolic blood pressure above 140 mm Hg, higher urine ACR, and lower eGFR; history of CVD and higher systolic blood pressure above 140 mm Hg also were risk factors post-KRT of similar magnitude both before and after KRT (Supplementary Table S5 ). 
Effect Modification of Risk Factors by Age
In general, the associations between risk factors and outcomes (KRT, CVD event, and death) were similar in subgroups of participants with an age younger than or older than 65 years ( Figure 3) ; however, for both KRT and CVD events, diabetes was a slightly stronger risk factor in the younger subgroup. In contrast, male sex was a stronger risk factor for KRT in those older than 65 years. Notably, age demonstrated significant associations with each outcome within both age strata. For example, older age was associated with a lower risk of KRT even among those with an age younger than 65 years.
DISCUSSION
In this large meta-analysis, we studied risk factors for KRT, CVD, and death in 185,244 people with stages 4-5 CKD. Traditional risk factors were of important prognostic value in this population, although associations varied by outcome of interest. Overall, the greatest Figure 3 . Risk factor modification by age for kidney failure treated with kidney replacement therapy (KRT) (a), cardiovascular disease (CVD) (b), and death (c). All values are expressed as hazard ratios (HR) and 95% confidence intervals unless other is indicated. The HR for age is expressed for every 10-year increase in age at baseline, the HR for albumin to creatinine ratio (ACR) is expressed per twofold increase in mg/g, the HR for estimated glomerular filtration rate (eGFR) is expressed for every 5 ml/min per 1.73 m 2 decrease, and the HR for systolic blood pressure (SBP) is expressed as per 20 mm Hg increase in blood pressure above and below 140 mm Hg. HxCVD, history of CVD; inCVD, a CVD event after study inclusion; inKRT, incident KRT.
explained variation was observed for KRT, mostly due to very strong risk relationships among eGFR, albuminuria, and KRT. Lower eGFR and higher albuminuria were slightly weaker risk factors for CVD and mortality. Male sex, black race, presence of diabetes, and higher systolic blood pressure all increased the risk of KRT, whereas older age was associated with a lower risk of KRT. The risk factors for CVD and mortality were similar to those for KRT, although older age also was a risk factor and there was a nonlinear association with systolic blood pressure. Smoking was significantly associated only with mortality. Importantly, we found that the onset of KRT or a CVD event in individuals with an eGFR <30 ml/min per 1.73 m 2 was strongly associated with subsequent mortality. Risk factor associations were fairly consistent across 28 cohorts as well as subgroups of age.
Although nephrologists know that those with severely decreased GFR represent a high-risk population for adverse outcomes, it has been difficult to assess the benefits of risk factor modification at this stage. The presence of multiple comorbidities in this population may distort relationships between risk factors such as hypertension and clinical outcomes. 18 Most previous studies examining risk factors for CKD outcomes have recruited patients with a wide spectrum of kidney function, 7, 8, 19, 20 and patients who survive to develop CKD stage G4þ may experience different risk associations when compared with those who never progress. Yet, studies in CKD stage G4þ are limited because of the relative rarity of disease and paucity of CKD stage G4þ disease registries. The results of our large, consortium-wide analysis including 185,244 individuals are consistent with the existing literature evaluating traditional risk factors in much smaller, local cohorts of patients with severely decreased GFR. [21] [22] [23] Age was one variable that showed differences in the direction of associations with different outcomes. The protective association between older age and KRT has been shown in some 21, 22, 24 but not all 25 previous studies. In our study, the age coefficient was consistently "protective" for the development of KRT across cohorts, as well as within subgroups of older and younger age. On the other hand, older age was a risk factor for CVD and death, as would be expected. The apparent protective effect of age may be attributable to the competing event of death, but it also may be related to the rapidity of eGFR decline 26 and the fact that starting KRT is a treatment option influenced by patient choice. Older adults may be more likely to choose conservative care or have negative attitudes toward dialysis treatment. 27 Alternatively, age may influence the timing of dialysis. 28 Besides age, other demographic risk factors also were associated with adverse outcomes. Male sex was a risk factor for KRT, CVD events, and death in CKD stage G4þ, similar to findings in the general population. Indeed, in contrast to reports that women have a higher prevalence of CKD stage G3, 5 in our study population of CKD stage G4þ, men were in the majority. Mechanisms for a more rapid GFR decline in men could be related to underlying differences in glomerular hemodynamics, activity of local cytokines, or mediated by effects of sex hormones. [29] [30] [31] Other reasons for the lower KRT incidence among women also are possible, such as later initiation of KRT, 32 lower awareness, 33 and lower rates of referral to nephrology care. 5 Black race was a risk factor for KRT, but not CVD events or death. This finding is consistent with previous work showing that African American individuals have between 2 and 4 times higher incidence of KRT than people of other races and a higher odds of severely decreased GFR as compared with whites. 34, 35 Some of the risk for CKD progression may be attributable to the presence of Apolipoprotein-1 risk variants 36 or sickle cell trait (inheritance of a single copy of the sickle mutation), both of which occur more often in people with African ancestry. 37 Traditional cardiovascular risk factors have been found to increase the risk of new-onset CKD. 38 In our analysis, the occurrence of a new CVD event during follow-up was associated with a more than twofold increase in the risk of KRT. Similarly, after the initiation of KRT, the risk of both CVD events and death increased considerably. These results suggest that those who have a very high risk of CVD are likely to be the same individuals who also progress to require KRT and who are more likely to die.
Diabetes is an established risk factor for KRT, CVD, and all-cause mortality in the general population. 39, 40 In the kidney failure risk equation, a KRT prediction tool for people with CKD stage G3 to G5, diabetes was not a significant risk factor once albuminuria had been taken into account. 8, 41 In contrast, our analysis found diabetes to be an independent risk factor for KRT in patients with CKD stage G4þ. One reason for this difference could be that many of the participants in our study lacked ACR measurements. Although we used imputation to estimate ACR levels, we found that the effect of diabetes was stronger in cohorts with more missing ACR and lower ACR measurements: 2 correlated factors at the cohort level and more indicative of an administrative cohort setting. Nonproteinuric CKD in the context of type 2 diabetes is a recognized risk factor for KRT, although the mechanisms of progressive kidney damage may be different when compared with patients who have albuminuria. 42 Albuminuria itself CLINICAL RESEARCH remained an independent risk factor for all outcomes studied in this meta-analysis. Increases in albuminuria were recently shown to be associated with both the future initiation of KRT and mortality, whereas decreases were inversely correlated with KRT. 43 Smoking has been linked to new-onset CKD and KRT in the general population. 34, 44 Our results are consistent with the recently published Study of Heart And Renal Protection subanalysis, which showed that cigarette smoking was associated with risk of death, but not KRT in people with CKD G3þ. 45 Thus, even though the risk for KRT associated with smoking may change over the course of the disease, the elevated risk for death remains, reinforcing the importance of offering smoking cessation advice to people with severely decreased GFR. Elevated systolic blood pressure >140 mm Hg has been demonstrated to be a risk factor for CVD and also has been associated with progression to KRT in CKD stage G3þ (eGFR <30 ml/min per 1.73 m 2 ). 46 Our results show an independent association between systolic blood pressure and KRT after adjusting for albuminuria in people with more severely decreased GFR. This may indicate that achieving blood pressure targets is important also at later CKD stages. For CVD events and death, we observed a U-shaped risk association with higher risks both below 120 mm Hg and above 140 mm Hg. These results could be regarded as contradictive of some recent reports, suggesting better outcomes with intense blood pressure-lowering medication. 47 However, a more likely explanation is that our risk association for a low systolic blood pressure was confounded by comorbid factors; for example, patients with severe heart failure often having low, rather than high blood pressure. 18 We did not include body mass index and low-density lipoprotein (LDL) cholesterol in our analyses. For LDL in particular, there were many cohorts with missing information. Initial analyses of the data available indicated only weak relationships for both body mass index and LDL. This is the largest analysis of risk factors for adverse outcomes in people with severely decreased GFR conducted so far, and complements projections of the probability and timing of events. 48 We have included studies from many different regions of the world and, by doing so, have increased the generalizability of our results. There has been a concern that people progressing to later CKD stages have a different risk profile compared with people earlier in the course of the disease. By focusing on this specific group, we have found that many of the traditional risk factors remain predictive, but that some risk factors, like age, behave differently for the different outcomes. One limitation of our analysis is that the selection of study participants differed among the individual cohorts; some research cohorts have specific inclusion and exclusion criteria (and 2 cohorts included only individuals with diabetes), whereas the large administrative databases do not. This may have affected the representativeness of study participants. In addition, in most cohorts, only a subset of the participants was selected (i.e., those with eGFR <30 ml/min per 1.73 m 2 ), a process designed to capture both people with prevalent disease as well as "progressors." However, although the studies differed substantially in selection criteria and recruitment, the consistency in qualitative size and direction of our risk estimates throughout the different cohorts were reassuring. Other limitations included lack of data on LDL cholesterol in most cohorts. Although in preliminary analyses, LDL cholesterol was not a strong risk factor for any of the events of interest, the lack of association may be driven by survival bias and confounding by nutritional status. Lack of timeupdated measurements prohibited us from analyzing any change in the direction of the risk factors closer to initiation of dialysis.
In summary, this large meta-analysis of people with severely decreased GFR shows that traditional risk factors, such as male sex, black race, diabetes, lower eGFR, higher albuminuria, smoking, and higher systolic blood pressure, remain important in CKD stage G4þ. Furthermore, patients with CKD with severely decreased GFR who develop either CVD events or KRT have an even higher risk of mortality. These results should encourage health care professionals to assess traditional risk factors in individuals with stages 4 to 5 CKD and to offer interventions to reduce exposure to those that are modifiable. Future studies assessing the clinical benefits of such interventions should include this high-risk population. 
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